A single in vivo administration of 3-methylcholanthrene (MC) into rats increases the activities of certain liver microsomal enzyme systems.' 2 The MC stimulation of microsomal enzyme activity may be due to an increased rate of enzyme synthesis. Thus, microsomes isolated from MC-treated rats have a greater rate of amino acid incorporation into protein when either free amino acids2 3 or aminoacyl sRNA3 are used as precursors. The MC stimulation of microsomal benzpyrene hydroxylase4 and aminoazo dye demethylase5 is prevented by the in vivo administration of puromycin, an inhibitor of protein synthesis. Furthermore, the administration of actinomycin D, an inhibitor of DNA-dependent RNA synthesis,6 prevents the MC stimulation of both microsomal amino acid incorporation and benzpyrene hydroxylase activity,7 suggesting that these effects of MC are mediated by DNA-directed RNA synthesis. If the stimulation of specific microsomal enzymes is the result of changes in the "gene-action system" ("the whole series of biochemical processes which lead from a gene to the phenotypic character by which it is recognized"8), then one might observe MC-induced alterations in the metabolism of nuclear RNA, the amount of RNA present in liver cell nuclei, and the biological activity of the isolated RNA.
A single in vivo administration of 3-methylcholanthrene (MC) into rats increases the activities of certain liver microsomal enzyme systems.' 2 The MC stimulation of microsomal enzyme activity may be due to an increased rate of enzyme synthesis. Thus, microsomes isolated from MC-treated rats have a greater rate of amino acid incorporation into protein when either free amino acids2 3 or aminoacyl sRNA3 are used as precursors. The MC stimulation of microsomal benzpyrene hydroxylase4 and aminoazo dye demethylase5 is prevented by the in vivo administration of puromycin, an inhibitor of protein synthesis. Furthermore, the administration of actinomycin D, an inhibitor of DNA-dependent RNA synthesis,6 prevents the MC stimulation of both microsomal amino acid incorporation and benzpyrene hydroxylase activity,7 suggesting that these effects of MC are mediated by DNA-directed RNA synthesis. If the stimulation of specific microsomal enzymes is the result of changes in the "gene-action system" ("the whole series of biochemical processes which lead from a gene to the phenotypic character by which it is recognized"8), then one might observe MC-induced alterations in the metabolism of nuclear RNA, the amount of RNA present in liver cell nuclei, and the biological activity of the isolated RNA.
Several investigators9' 10 have demonstrated that rat liver nuclear RNA directs amino acid incorporation into protein in a cell-free E. coli system, and interpreted this biological activity to indicate the presence of messenger RNA. Although messenger RNA, by definition, must provide a template for the synthesis of a specific protein, it may be reasonable to assume that the activity of the RNA in stimulating amino acid incorporation is due to the presence of messenger RNA.
In this study we investigated the effect of the in vivo administration of MC on the incorporation of orotic acid-C14 into nuclear RNA, the amount of RNA in the isolated liver cell nuclei, and the activity of the isolated nuclear RNA in stimulating the incorporation of phenylalanine into protein in a cell-free E. coli system. Materials and Methods.-Groups of eight Sprague-Dawley male rats weighing 35-45 gm were injected intraperitoneally with 1 mg of MC in 0.25 ml of corn oil or corn oil only. All the rats were fasted for 16 hr prior to decapitation. The MC was administered at designated times during the fasting period. In certain experiments, orotic acid-C14 (1 or 2 luc) in 0.5 ml 0.9% NaCl was injected intraperitoneally 20 min before the animals were killed. The liver cell nuclei were prepared and purified by the method of Sporn and Dingman."I After purification, the nuclei were suspended and examined by phase microscopy; the nuclear membranes appeared intact and free of gross contamination. Nuclei and homogenates were assayed for cytochrome oxidase activity by the procedure of Cooperstein and Lazarow."1 The isolated nuclei of both control and MCtreated rats contained less than 0.05% of the cytochrome oxidase activity (units/gm of liver) of the unfractionated homogenates.
Adrenalectomized rats did not tolerate fasting and were fed ad libitum. However, 4 hr prior to sacrifice they were maintained on 5% dextrose, 1% NaCl.
The RNA content of the isolated nuclei was determined by a combination of the procedures of Fleck and Munro" and Albaum and Umbreit.14 DNA was determined by the diphenylamine procedure of Dische."5 Isolation of nuclear RNA: The nuclear pellet derived from 8 gm of liver was suspended in 5 ml of the homogenizing solution and centrifuged for 10 min at 700 X g. The pellet was treated with 5 ml of 0.1% sodium lauryl sulfate in 0.02 M tris-HCl, pH 7.2 at 0WC for 5 min followed by treatment for 25 min at room temperature with an equal volume of water-saturated redistilled phenol containing 0. 16 The precipitated RNA was dissolved in 0.1 M potassium acetate, pH 6.0, and passed through a G-25 Sephadex column (1 X 33 cm) (Pharmacia Fine Chemicals, Inc.) which removes traces of phenol and unincorporated orotic acid. The RNA in the effluent was precipitated with ethanol and magnesium chloride as described above, and the precipitate was dissolved in 0.05 M potassium acetate, pH 6.0. Nitrogen was passed over the surface of the solution until it was evaporated to 50% of its original volume.
Preparations of nuclear RNA from control and MC-treated rats were isolated simultaneously, and both contained less than 2% DNA and less than 2.3% protein. One mg of nuclear RNA per ml was considered to have an absorbancy of 22.5 OD units at 260 m/A in a cuvette with a 1-cm light path. All preparations of unhydrolyzed nuclear RNA had an A260/A28o ratio greater than 2.05 in 0.136 M potassium phosphate buffer (pH 7.0). In labeling experiments the radioactivity of the RNA was determined by liquid scintillation spectroscopy. In some of these experiments the specific activity of acid-soluble UMP in liver homogenates was determined by a procedure described by Fujioka et al. 17 Zone centrifugation of RNA: Sucrose gradients were prepared and sampled by the method of Martin and Ames."8 Sedimentation coefficients were calculated using the approximation of Sporn and Dingman." Aliquots containing 0.24-0.4 mg of RNA were layered over 28.5 ml of a linear gradient of 4-20% sucrose containing 0.1 M potassium acetate, pH 6.0, and centrifuged in a Spinco SW25 rotor at 24,000 rpm for 16.5 hr at 4VC. One-ml fractions were collected, and the absorbancy was determined at 260 and 280 my. Results.-MC stimulation of orotic acid C14 incorporation into nuclear RNA. Groups of normal and MC-treated rats were injected with orotic acid C14 and 20 min later the animals were killed, the nuclear RNA was isolated, and its specific radioactivity determined. Figure 1 shows the effect of MC pretreatment on the incorporation of orotic acid C14 into nuclear RNA. In three experiments, 4 hr after AIC pretreatment the specific activity of nuclear RNA was 110, 52, and 56 per cent greater than that of the nuclear RNA from the control animals. In one of the experiments (expt. II), at 2 and 8 hr after MC pretreatment, there was a 78 and 83 per cent increase in the specific radioactivity of the isolated nuclear RNA. The response was more variable at 16 hr after MC treatment. In one experiment there was only a slight increase (9%), while in two other experiments the MC stimulation was 44 and 94 per cent. The greater specific activity of the nuclear RNA from MC-treated rats may be due to an increase in the rate of nuclear RNA synthesis, alterations in cellular membrane permeability, or to a reduction by MC of the endogenous pool size of RNA precursors. The latter would result in an increased specific activity of the radioactive precursors and an increase in the specific activity of the RNA.
Utilizing orotic acid C14 as a precursor, we observed that, with the short labeling period of 20 min, more than 98 per cent of the recovered radioactivity of the hydrolyzed nuclear RNA was found in the uridine nucleotides. The determination of the specific radioactivity of the relevant endogenous pool of UTP, the immediate labeled precursor of RNA, is not feasible because of rapid degradation of the nucleotide triphosphates during the isolation procedure, and the inability to determine the in vivo intranuclear pool of UTP. In order to give us an indication of the relative specific activity of one of the radioactive precursors of RNA on the metabolic pathway from orotic acid, we determined the specific activity of acidsoluble UMP in the liver homogenates of the normal and MC-treated rats. In experiment II (Fig. 1) , the specific activity of the UMP at 2, 4, 8, and 16 hr after MC treatment was 137, 69, 156, and 91 per cent of the control. These differences do not account for the greater specific activity of the RNA from MC-treated rats. Thus, the increased specific activity of the nuclear RNA from MC-treated rats suggests an increased rate of RNA synthesis. RNA content of isolated nuclei: An accumulation of RNA in the nuclei of MCtreated rats may be expected if MC increases the rate of nuclear RNA synthesis and does not concomitantly increase the rate of RNA degradation or the transfer of RNA out of the nucleus. We reported previously23 and confirmed in this study that MC has no effect on the amount of DNA per gram of wet liver. Also, 4 hr after MC treatment, the RNA content of isolated nuclei is the same as in the controls. However, 16 hr after MC treatment, there is a significant increase in the amount of nuclear RNA. Thus, in four experiments, there was a 15-50 per cent increase in the RNA content of the isolated nuclei as shown by an increase in the RNA to DNA ratio (Table 1) . The procedure for determining the DNA and RNA content of aliquots of isolated nuclei is given in Methods.
In the preparation of nuclei of high purity, maximal yields of only 40-60 per cent were obtained. It is possible that the increase in the RNA/DNA ratio is due to a physical effect of MC which may induce a fractionation of the nuclei. However, this is unlikely since the MC treatment for 4 hr induces no change in the RNA/ DNA ratio.
Characterization and labeling of nuclear RNA from normal and MC-treated rats: The nuclear RNA from normal and MC-treated rats was prepared and characterized simultaneously. Figure 2 shows the sedimentation profile of liver nuclear RNA from control and MC-treated rats in a stabilizing sucrose gradient. In each case the identity of the gradients used was established by measuring the refractive indices of corresponding fractions. In a given experiment the sedimentation profile of nuclear RNA from control and MC-treated animals was grossly similar, although variability was observed in preparations from different experiments. As reported by others'1 for normal nuclear RNA prepared by a similar method, we Twenty min after isotope administration the specific radioactivity of the nuclear RNA was about 10 times greater than that of similarly prepared cytoplasmic RNA. The pattern of labeling of the nuclear RNA was heterogeneous as shown in Figure 2 (A-). Also, the stimulatory effect of MC on orotic acid incorporation was unequal in the various RNA fractions analyzed, but was largest in the 9-23S region (Fig. 2D) . This area corresponds roughly to some of the RNA fractions reported to have the greater amount of activity in stimulating the incorporation of amino acids into protein in a cell-free E. coli system. 9 Specific stimulatory activity of nuclear RNA from normal and MC-treated rats: The nuclear RNA obtained from normal and MC-treated rats was tested for its activity in directing the incorporation of L-phenylalanine-(U)-C"4 into protein in the cell-free E. coli system of Matthaei and Nirenberg20 (Table 2, Fig. 3 ). In this system, isolated nuclear RNA had 5-10 times the stimulatory activity of microsomal RNA isolated by a similar procedure. Soluble RNA showed no activity. Figure 3 shows that the stimulation by nuclear RNA from either normal or MC-treated rats was linear over a threefold range of added RNA. The nuclear RNA from the MCtreated rats was more active than were equivalent amounts of RNA obtained from normal rats. Thus, at each of the three levels of added RNA, the MC preparation was about 17 per cent more active. Inseveral other experiments the MC preparation always exhibited greater activity, the increase ranging from 15 to 67 per cent and averaging 31 per cent.
"Messenger RNA" is believed to be synthesized by a DNA-directed RNA polymerase. Since the nuclear RNA preparations from both the normal and MCtreated rats contain small amounts of DNA (less than 2 per cent), it was possible that the observed differences in stimulatory activity were due to DNA contamination. This possibility was tested in two ways. The addition of 19 /Ag of DNA to the nuclear RNA-sensitive E. coli system had no stimulatory effect on phenylalanine incorporation. Also, the addition of 6 /Ag actinomycin D, an amount known to inhibit DNA dependent RNA synthesis,24 did not significantly affect the stimulatory activity of nuclear RNA from normal and MC-treated rats.
The mechanism by which synthetic or natural-occurring polynucleotides stimu- studied the effect of MC on nuclear RNA metabolism in adrenalectomized rats. Similar to our findings in rats with intact adrenals, MC stimulated the incorporation of orotic acid C14 into nuclear RNA in adrenalectomized rats. In two experiments the administration of MC 4 hr prior caused a 144 and 55 per cent increase in the specific radioactivity of liver nuclear RNA obtained from rats exposed to 1 jhc of orotic acid C14 for 20 min. Sucrose gradient analysis of liver nuclear RNA from control MC-treated adrenalectomized rats was found to be grossly similar to the patterns obtained with normal animals. Also, variation in the pattern of labeling observed with the control and MC-treated adrenalectomized rats was similar to that observed with normal rats. The nuclear RNA obtained from adrenalectomized rats treated with MC had greater activity in stimulating phenylalanine incorporation into protein than did equivalent amounts of nuclear RNA from control adrenalectomized rats (Table 2) . These results are similar to those Discussion.-The in vivo administration of MC or 3-4 benzpyrene increases the level of a number of rat liver microsomal enzymes. This effect of polycyclic hydrocarbon is not limited to hepatic tissue, but is also observed in the kidneys, lungs, and intestines.4 35 The MC stimulation of enzyme activity in the latter tissues is inhibited by actinomycin D, suggesting that DNA-dependent RNA synthesis is a necessary component of the stimulatory process. 4 In the studies reported here, we observed MCinduced changes in a number of aspects of rat liver nuclear RNA metabolism and activity. Thus, (1) MC causes an increase in the uptake of orotic acid into nuclear RNA which suggests increased RNA synthesis, (2) MC increases the amount of RNA in liver cell nuclei, and (3) RNA isolated from the liver cell nuclei of MCtreated rats has greater stimulatory activity in an E. coli phenylalanine-incorporating system, which suggests a greater messenger RNA content in the nuclear RNA from MC-treated rats.
Although we do not know the initial molecular site of MC action, our findings do indicate that MC affects the gene-action system of rat liver at the level of nuclear RNA synthesis.
A number of carcinogenic and noncarcinogenic polycyclic hydrocarbons, as well as other pharmacologically active drugs such as phenobarbital, increase certain liver microsomal enzyme activities. 30 It is possible that the inductive effects of these compounds on enzyme activities operate through mechanisms similar to those discussed here.
Several of the compounds that induce microsomal enzymes are carcinogens while others are not. Several reports3' have shown that the patterns of enzyme changes induced by \IC are different from those induced by phenobarbital, a noncarcinogen.
Arcos et al.,32 however, found no correlation between the carcinogenicity of a series of polycyclic hydrocarbons and their ability to induce a single microsomal enzyme, aminoazo dye demethylase.
It has been suggested4 7, 23, 33 34 that early events in carcinogenesis may involve changes in the control of genetic activity which would result in alterations in genetic expression, i.e., in the synthesis of specific messenger RNA's. The appropriate interlocking of the altered gene-action systems would result in the repression or activation of specific genomic sites. This may yield a pattern of gene activity characterizing tumor cells. This paper reports MC-induced changes in the RNA of liver cell nuclei. These changes indicate an effect of MC on messenger RNA synthesis. The relevance of these changes to carcinogenesis might be determined by a detailed analysis of the specific messenger RNA's synthesized in the presence of the carcinogen compared to the patterns of RNA formation elicited by the noncarcinogenic compound.
Note added in proof: A recent report on the inhibitory effect of actinomycin-D on 7,12 dimethylbenz(a)anthracene skin tumorigenesis [Gelboin, H. V., and M. Klein, Science, 118 (1964) ] is consistent with the hypothesis that alterations in gene expression or messenger RNA synthesis are early events in carcinogenesis.
